INTRODUCTION
Quaternary ammonium compounds (QACs) have been very popularly used in food industries, textile industries, hospitals, and even homes, because they have a comparatively low toxicity and are effective antimicrobial agents against a wide range of microbes. The number of quaternary nitrogen atoms in the molecule, that is, mono-QAC, bis-QAC and poly-QAC, can be used to classify the QACs. Many kinds of mono-QACs have been synthesized and characterized as antimicrobial agents, and their bactericidal mechanism has been investigated (Baley et al., 1977; Devinsky et al., 1991 and Dixon et al., 1976; Kourai and Takeichi, 1970; Kourai et al. 1980 Kourai et al. , 1986 Kourai et al. , and, 1994a Krysinski 1990; Maeda et al., 1996; Okazaki et al., 1997a and 1997b) . Furthermore, quantitative structure-activity relationship analyses on mono-QACs indicated that their bactericidal activities depend on the molecular hydrophobicity (Kourai et al., 1994a and 1995) and adsorbability to bacterial cells (Kourai et al., 1983) , hydrophobicity of the bacterial cell surface (Kourai et al., 1994b) bacterioclastic activity (Kourai et al., 1994b) and the electron density of the ammonium nitrogen atom Okazaki et al., 1996) . The antimicrobial characteristics of the poly-QACs have been reported in the past (Kourai et al., 1994c) . There have been a few reports about the synthesis and antimicrobial characteristics of bis-QACs (Devinsky et al., 1985) . Recently, the synthesis and antimicrobial characteristics of novel bis-QACs, which have two N-alkylpyridinium salt residues in a molecule, have also been reported (Maeda et al., 1998 (Maeda et al., , 1999a (Maeda et al., , and 1999b Okazaki et al., 1997c; Yoshida et al., 2000) . The remarkable property of bis-QACs described in these reports is their wide and effective antimicrobial spectrum of activity against both gramnegative and gram-positive bacteria and fungi in comparison to mono-QACs.
On the basis of previous results in which excellent antimicrobial activity was produced by introducing two ammonium salt residues in the molecule, we can expect more excellent characteristics and effective antimicrobial activity by giving three ammonium polarity heads and three long alkyl chains in a molecule, i.e. a tris-structure, compared with the mono-and bisstructure. In this study, we synthesized new tris-QACs and investigated the effect of changes in the chemical structure on the antimicrobial activity. The tris-QACs, 4,4',4"-(1,2,3-propylenetrithio) tris (1-alkylpyridinium iodide) s (4TP-n), have three active moieties for bactericidal action and three long alkyl chains in the molecule. The antimicrobial activities of 4TP-n were measured and compared with those of 4,4'-(1,6-hexamethylenedithio) bis (1-alkylpyridinium iodide) s (4DTBP-6,n) (Maeda et al., 1998; Okazaki et al., 1997c) , which are bis-QACs, and N-alkylpyridinium iodides (P-n) (Kourai et al., 1994b) , which are monoQACs with the simplest structures, and were further compared with the activities of benzyldimethyldodecylammonium chloride (BAC) and 2-(4-thiazolyl)-benzimidazole (TBZ) which are widely-used in the industrial world.
MATERIALS AND METHODS

Chemicals
All chemicals for the syntheses of 4,4',4"-(1,2,3-propylenetrithio)tris (1-alkylpyridinium iodide) s were reagent grade commercial materials and used without further purification. 4,4',4"-(1,2,3-Propylenetrithio)-tris (1-alkylpyridinium iodide) s, 4,4'-(1,6-hexamethylenedithio) bis (1-alkylpyridinium iodide) s and Nalkylpyridinium iodide derivatives are abbreviated as 4TP-n, 4DTBP-6,n and P-n, respectively. The abbreviation, n, indicates the carbon number of the alkyl chain. 4DTBP-6,n (Okazaki et al., 1997c) and P-n (Kourai et al., 1994b) were synthesized as described before. Benzyldimethyldodecylammonium chloride (10%, w / v, benzalkonium chloride solution; BAC) was purchased from Takeda Pharmaceutical Co., Ltd. (Osaka) and 2-(4-thiazolyl) benzimidazole (TBZ) was obtained from San-ai Oil Co., Ltd. (Tokyo).
Synthesis of 4,4',4"-(1,2,3-propylenetrithio)tris-(1-alkylpyridinium iodide) derivatives 4TP-n was synthesized as shown in Fig. 1 . A mixture of 4-mercaptopyridine (3 mol) and 1,2,3-tribromopropane (1 mol) were refluxed in ethyl alcohol for 15 h under a stream of nitrogen, and recrystallized from ethyl alcohol-water (9 : 1). The propylenetrithio) tripyridines and n-alkyl iodide (butyl iodide, hexyl iodide, octyl iodide, decyl iodide, dodecyl iodide and tetradecyl iodide) were refluxed in dehydrated ethyl alcohol for 24h. After the reaction product was produced by crystallization with ethyl acetate, the precipitated coarse crystal was washed twice with ethyl acetate. The crystal was recrystallized from ethyl acetate-ethyl alcohol (1:2) to obtain the desired compound. The purity and chemical structure of the synthesized compounds were checked by thin-layer chromatography with a reversed phase, measurement of melting points, elemental analysis and proton nuclear magnetic resonance (1 H-NMR) spectra as reported earlier (Maeda et al., 1999b) .
Microbes, cultivation and preparation
Except when noted, Escherichia coli K12 W3110 was employed for the experiments. Bacteria and fungi were prepared according to a previous report (Maeda et al., 1999b) .
Antimicrobial activity
The minimum bactericidal concentration (MBC) and minimum inhibitory concentration (MIC) of antimicrobials were measured according to a standard broth dilution method (Okazaki et al., 1997c) . Bactericidal activity and bacteriostatic activity were defined as Log MBC-1 and Log MIC-1, respectively.
RESULTS
AND DISCUSSION
Chemical structures and properties of synthesized 4,4',4"-(1 ,2,3-propylenetrithio) tris (1 -alkylpyridinium iodide) derivatives
The chemical structures and 1H-NMR data of 4TP-8 are shown in Fig. 2 . The data of the elemental analysis, melting points and yields of the 4TP-n are shown in Table 1 t) were assigned to a methylene proton in the linkage of tree pyridine rings. Such 1H-NMR data was consistent with the proposed structure of 4TP-8. The chemical structures of comparative cornpounds such as 4DTBP-6,n, P-n, BAC and TBZ are shown in Fig. 3 .
Effect of alkyl chain length on the antimicrobial activity of 4,4',4"-(1,2,3-propylenetrithio)tris
(1-alkylpyridinium iodide) derivatives
The antimicrobial activities of QACs are generally influenced by the length of the alkyl chain attached to pyridinium nitrogen (Kourai et al., 1980) . Therefore, for novel tris-QACs, we investigated how the length of the alkyl chain of 4TP-n affects bacteriostatic activity (Log MIC-1). Figure 4 indicates the effect of the alkyl chain length on the bacteriostatic activity of 4TP-n as a new tris-QAC, 4DTBP-6,n as a bis-QAC and P-n as a mono-QAC. As can be seen in Fig. 4 , as the length of alkyl chains increased from C4 to C8, the bacteriostatic activity of 4TP-n increased, but reduced gradually with the length of alkyl chains from C10 to C14. Moreover, the activity of 4DTBP-6,n showed a tendency similar to that of 4TP-n. In the case of P-n, the activity increased with increasing alkyl chain length, like general QACs, and it was maximal with al., 1997c) suggested the following reason why the bacteriostatic activities of bis-QACs were reduced with longer alkyl chains. It is possible that a hydrophobic association between two hydrophobic long alkyl chains of 4DTBP-6,n (C14 -018) and medium components caused a decrease in the effective concentration of these compounds in the MIC measurement system. Therefore, it was assumed that 4TP-n, which has three hydrophobic alkyl chains, had a reduction in the effective concentration due to hydrophobic association, and that the bacteriostatic activities fell off with C12 and C14. These results showed that tris-QACs synthesized de novo demonstrate antibacterial activity which is excellent as compared with that of mono-QACs, and that the relationship of tris-QACs between alkyl chain length and antibacterial activity is similar to the significant relation of bis-QACs described before.
Antimicrobial activity of 4,4',4"-(1,2,3-propylenetrithio)tris (1-alkylpyridinium iodide) derivatives
The new tris-QAC, 4TP-8, which possessed the strongest bacteriostatic activity, was tested for antimicrobial activity against gram-negative bacteria (4 strains), gram-positive bacteria (3 strains) and fungi (5 strains). A bis-QAC (4DTBP-6,8) , which has two long alkyl chains and two pyridinium moieties in the molecules, mono-QAC (P-12), which is a typical pyridinium salt, BAC, which is a QAC commercially available as a disinfectant, and TBZ, which is one of the most widely used antifungal agents, were also tested for purposes of comparison. Table 2 shows MICs against various bacteria. 4TP-8 exhibited a wide antibacterial spectrum and a strong bacteriostatic activity against all bacteria, and had stronger activity than P-12 and BAC. Also, bacteriostatic activity of 4TP-8 had a strong activity similar to that of 4DTBP- 6,8 against the tested bacteria. In general, monoQACs such as P-12 and BAC are more effective against gram-positive bacteria than against gramnegative bacteria, as seen in Table 2 . However, tris-QAC (4TP-8) indicated high bacteriostatic activity against gram-negative and gram-positive bacteria. Table 3 shows MICs of 4TP-8, 4DTBP-6,8, P-12 and TBZ against fungi. From the results given in Table  3 , 4TP-8 was proved to have a stronger antifungal activity and a wider antifungal spectrum than P-12 and the commercial fungicide, TBZ. However, the antifungal activity of 4TP-8 was lower than that of the bis-QAC, 8. These results regarding the antibacterial and antifungal activities led to the conclusion that the tris-QAC possesses a wide antimicrobial spectrum and a strong bacteriostatic and antifungal activity against the tested microbes, and their activities were similar to bis-QAC and stronger than mono-QAC, BAC and TBZ as commercial biocides. Accordingly, it was proved that tris-QACs, which have three pyridinium salt residues and three long alkyl chains, show a stronger antimicrobial activity and broader antimicrobial spectrum than do the mono-QACs. However, it was implied that the tris-structure or a higher-structure such as tetra-or penta-structure and so on does not necessarily provide a superior antimicrobial activity because tris-QACs could not exhibit a marked increase in the antimicrobial activities in comparison with those of bis-QACs. (Maeda et al., 1999b; Okazaki at al., 1997c; Yoshida et al., 2000) .
As described above, the tris-QAC had a higher bactericidal activity than the mono-QAC in wide ranges of pH and temperature, and activity of tris-QAC was affected by variations in pH and temperature, and the effect was similar to that of mono-QAC and different from that of bis-QAC. Further, it was implied that the bactericidal action of tris-QAC may somewhat agree with that of mono-QAC and differ from that of bis-QAC.
